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Abstract: Stratum corneum is the main obstacle for drugs to pass through the skin. Microneedles are
composed of arrays of micro-projections formed with diﬀerent materials, generally ranging from 25-2000 μm in
height. Microneedles straightly pierce the skin with its short needle arrays to overcome this barrier. Micronee-
dles can be divided into several categories, for instance, solid microneedles, coated microneedles, and hollow
microneedles and so on. However, all these types have their weak points related to corresponding mechanisms.
In recent years, pioneering scientists have been working on these issues and some possible solutions have been
investigated. This article will focus on the microneedle arrays consisting of hydrogels. Hydrogels are commonly
used in drug delivery ﬁeld. Hydrogel microneedles can be further divided into dissolving and degradable mi-
croneedles and phase transition microneedles. The former leaves drug with matrix in the skin. The latter has
the feature that drugs in the matrix are delivered while the remaining ingredients can be easily removed from
the skin after usage. For drugs which are required to be used every day, the phase transition microneedles are
more acceptable. This article is written in order to summarize the advantages of these designs and summarize
issues to be solved which may hinder the development of this technology.
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Introduction
Microneedle (MN) technology, a minimally invasive
drug delivery system, has the potential to be an alterna-
tive to hypodermic needle tech [1]. Generally, MNs are
composed of arrays of micro-projections formed with
diﬀerent materials, generally ranging from 25-2000 μm
in height [2], with diﬀerent tip shapes and tip intervals,
being attached to a base support [3]. When applied
to skins, they puncture the epidermis and reach the
dermis. Since the depths of needle insertion is within
the non-innervated layer of the skin, this technique
would allow painless delivery and improve patient com-
pliance [4]. This kind of structures help to overcome
the weaknesses of traditional transdermal delivery sys-
tems, which only allow small and lipophilic molecules
to be delivered by passive diﬀusion , while keeping the
strengths of accessibility, safety, painless drug adminis-
tration, potential for self-administration, and avoidance
of enzymatic degradation in the gastrointestinal tract
or liver as well as needle phobia [5-7].
Hydrogels are polymers with a three-dimensional
structure that exhibit the ability to swell in water and
keep signiﬁcant amount of water within the structures
[8]. They can be divided into natural hydrogels and syn-
thetic ones. Natural hydrogels include agarose, methyl-
cellulose, hyaluronic acid, chitosan, starch, collagen and
other naturally derived polymers while synthetic in-
gredients include polyvinyl alcohol, sodium polyacry-
late, acrylate polymers and copolymers with an abun-
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dance of hydrophilic groups [9]. Additionally, hydro-
gels that do not exhibit any signiﬁcant volume transi-
tion to environmental changes (pH, temperature, photo
ﬁeld, ion concentration, composition of the solvent,
etc.), which are generally obtained from hydrophilic
monomers, are deﬁned as “conventional” hydrogels,
while others, which can change their volumes abruptly
in response to the changes of the external environmental
factors are classiﬁed as “intelligent” hydrogels [10-13].
Problems of non-hydrogel MNs
There are several kinds of MNs, namely, solid MNs
for skin pretreatment to increase skin permeability,
MNs coated with drugs, hollow MNs for drug infusion
into the skin, polymeric or polysaccharide MNs that
encapsulate drugs and partially or fully dissolve in the
skin [14-17].
Solid MNs, which do not contain drugs themselves,
enhance the permeability of drugs, for instance, small
molecules, proteins and nanoparticles, by creating pores
into the skins [18]. They are the ﬁrst generation of MNs
and generally fabricated with silicon or metals [19].
However, this requires a two-step application, which is
not convenient for patients. Skin is a self-regenerating
organ which heals itself [5] and the diﬀerent recovery
rates caused by individual diﬀerences signiﬁcantly af-
fect the bioactivity administration of drugs. In order to
retard the recovery of skin, some additional drugs are
applied to the skin including diclofenac sodium. Brog-
den et al. [20] suggested that the micro-pore lifetime
could be prolonged with simple topical administration
of a non-speciﬁc cyclooxygenase inhibitor. Ghosh et al.
[5] utilized naltrexone (NTX) with diclofenac co-drugs
for systemic delivery of NTX into the treated skin and
the results indicated that the co-drug approach could
be used for the development of a 7-day transdermal
system. These results showed the possibility for better
delivery of drugs after the skins were treated with solid
MN-enhanced delivery, thus expanding the transdermal
ﬁeld to a wider variety of clinical conditions. On the
other hand, if some of the needles happen to break and
are left in the skin, irritation is inevitable. The fabrica-
tion cost is high and the disposition of wastes is also a
question. Some materials, for example, silicon, require
clean room processing and are not FDA-approved bio-
materials.
Drug coated solid MNs was a simple, versatile, and
controllable method to coat microneedles with DNA,
proteins, microparticles and viruses for rapid delivery
into the skin [21] , which solve the problem of two-step
application. Moreover, the drug coated MNs may also
combined with hydrogel. M Pearton et al. [22] showed
the ability of micro-fabricated needles to create some
channels and a mediate reporter gene expression in vi-
able human skin by using pDNA loaded the hydrogels.
This is another kind of drug coating. The skin was ﬁrst
treated with pDNA loaded hydrogels and then punc-
tured with MNs. Further in vivo studies with these
formulations will research the ability of these systems
controlled-release pDNA expression. But the results
showed that the total number of positive expression was
less than solution prescription in 24 h. However, due to
the design, the drug can only be loaded onto the sur-
face of MNs, so the drug loading amount is relatively
low [23-25]. The cost of fabrication is also another con-
cern.
Hollow MNs usually require very precise and high
cost manufacturing technology, which prevent them
from large scale production [26]. In this approach, large
scale reproduction with low costs is pursued sometimes
based on self-assembly and molding of soft materials.
Polydimethylsiloxane (PDMS) is an elastomer used in
micro fabrication, but it is to some extent with low
stiﬀness. However, Matteucci et al. [27] investigated
re-usable poly vinyl alcohol (PVA) masters, which were
found to be easily obtainable and perform better in fab-
rication of needle pillars where aspect ratios higher than
ﬁve are needed. PVA masters also show advantages
of higher stiﬀness, hydrophilic behavior and resistance
to poly methyl methacrylate (PMMA) developers for
the fabrication of PMMA structures. However, if hol-
low MNs are occasionally broken in the skin, signif-
icant leakage or uncontrolled drug release may occur
[2]. There are also risks that the body tissue blocks the
narrow channels which interfering the drug dosage.
The advantages of hydrogel MNs
Hydrogel MNs are one kind of polymeric or polysac-
charide MNs according to the deﬁnition of hydrogel.
Besides the hollow MNs which are fabricated with poly-
mers or the hydrogel coated the surfaces of solid MNs,
there are three kinds of drug-loading methods. Some
MNs only have drugs in the tips; some in the patches;
others have drugs in both of them. All of these methods
provide large spaces for drugs to be loaded. The drug
loading amount is better than the solid MNs and drug
coated MNs as well as the hollow MNs. Polymeric and
polysaccharide MNs include a variety of MNs with dif-
ferent characters. Some polymers and polysaccharides
are drawing increasing attentions because of their ex-
cellent biocompatibility, degradability, and nontoxicity
[28,29]. Polymer microneedles also oﬀer the beneﬁts of
ease of fabrication, cost-eﬀectiveness, and the capacity
for mass production, as well as controlled drug release
with the help of water solubility and degradation prop-
erties of polymers [30]. Hydrogel MNs are overall easier
and more economical to be fabricated from materials
which are more likely to be biocompatible and with
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FDA approvals. The fabrication methods often include
the photolithographic process and micro-molding pro-
cess [30]. For micro-molding processes which are lower
cost, centrifugation and vacuum method have been de-
veloped to obtain polymer microneedles with the proper
shapes; it is obvious that the latter is more suitable for
mass production of MNs. Thus there is a new research
ﬁeld to ﬁnd an inexpensive, easy to be manufactured,
waterproof while air permeable mold to achieve mass
production of MNs. According to the function mecha-
nism of hydrogel MNs, they are divided into two cate-
gories.
The ﬁrst is dissolving or degradable MNs. They bear
common features in the mechanism that the drug re-
lease pattern is related to the dissolution or degradation
of the MN matrix, i.e. the polymer or polysaccharide
themselves [30-32]. These MNs dissolve or degrade in
the skin and thereby leave no sharp medical waste af-
ter use [33-35]. The common process is shown in Fig. 1.
Jeong W. Lee et al. [36] applied FDA-approved ultra-
low viscosity carboxymethylcellulose and amylopectin
to present a dissolving MN design involving preparation






Applying to the skin
Drug release through swelling
and degradation of MNs
Fig. 1 The common action mechanism of degradable mi-
croneedles [39].
Dissolving microneedles can dissolve within the skin
safely and need not be removed from the patient’s skin
when applied. After the insertion to the skin, dissolv-
ing microneedles dissolve quickly and release the loaded
drugs in a short time. Ming-Hung Ling et al. [37] pre-
sented a dissolving microneedle patch, which is com-
posed of starch and gelatin and carried insulin as the
model drug. Regarding the in vitro drug release test,
the dissolving microneedles released almost all the in-
sulin carried into the skin within 5 minutes. Consistent
with the in vitro skin insertion test, the starch/gelatin
microneedles dissolved completely within 5 minutes af-
ter insertion into the porcine skin. The dissolving mi-
croneedles have enough mechanical strength and stable
encapsulation of bioactive molecules, which is promis-
ing for the transdermal delivery.
Biodegradable MNs degrade in the skin after ap-
plication, whereby the release of incorporated drugs
can be sustained up to months by choosing the proper
polymers. Mei-Chin Chen et al. [38-39] investigated
that drugs loaded in chitosan carriers can be released
through swelling and degradation of the chitosan ma-
trix, leading to a clear sustained-release eﬀect. Chi-
tosan with suitable molecular weight can be cleared by
the kidney in vivo, whereas excessive molecules can be
cleaved by proteases into fragments to be suitable for
renal clearance. They used OVA as a model antigen to
be loaded in the microneedles. The release proﬁle result
showed an initial burst within one day and a slow re-
lease followed for at least 7 days, with almost 90% of the
OVA released. The in vivo degradation of VOA-loaded
chitosan microneedles also showed that even 14 days
after application, small residual fragments of the mi-
croneedle still can be found. The slow degradation rate
demonstrated that the embedded chitosan microneedles
degrade gradually and may lead to a sustained antigen
release.
Some biodegradable MNs leave the needles in skin
to deliver bolus drugs or sustained release of drugs by
separating the needles from the patches in the skin.
Min Kim et al. [40] demonstrated MN separation me-
diated by hydrogel swelling in response to contact with
body ﬂuid. In such cases, the tips of biodegradable
polymeric MNs were separated because of hydrogel mi-
croparticles, which were fabricated between the needle
tips and the patches, expand quickly and lose mechan-
ical strength rapidly by swelling and absorbing body
ﬂuid. Besides, there were also hydrogel MNs combined
with metal shafts to form biodegradable ones. Leonard
Y. Chu et al. [41] investigated separable arrowhead
MNs which upon insertion in the skin, the sharp-tipped
polymer arrowheads induced hydrogel part which con-
tained drugs to separate from their metal shafts. Due to
rapid separation of the arrowhead tips from the shafts
within seconds, administration using arrowhead MNs
can be performed rapidly, while the release kinetics pro-
ﬁles of drug can be independently controlled based on
separable arrowhead formulation.
The second is phase transition MNs in which drug re-
lease as a result of the polymer swelling when absorbing
body ﬂuid. This kind of MNs leaves few or no residuals
after application. These MNs preserve the advantages
of other MNs, such as the drug permeating amount
and rate improvement, large drug loading amount and
relatively easy to be fabricated. They also have the
potential to be daily used since few non-drug resid-
uals will be left in the skin, which may increase the
patients’ compliance. They are so far a very promis-
ing MN technologies. Ryan F. Donnelly et al. [42,43]
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developed MNs made of Gantrez AN-139, a copoly-
mer of methyl vinyl ether and maleic anhydride, which
could be removed completely and intact from the skin.
The needle tips swell in skin to produce continuous, un-
blockable conduits from patch-type drug reservoirs to
the dermal microcirculation, thus allowing prolonged
transdermal drug administration. According to their
ﬁndings, delivery of macromolecules was no longer lim-
ited to what can be loaded into the MNs themselves
and transdermal delivery drug was controlled by using
the crosslink density of the hydrogel system rather than
the stratum corneum. The materials they chose were
biocompatible, non-irritant and raised no safety con-
cerns in human volunteers. The MNs can be fabricated
in a wide range of patch sizes and MN geometries by
adjusting the molds used. Furthermore, they can also
be easily sterilized. It is reported that Young’s mod-
ulus and hardness of non-toxic Gantrez AN-139 MN
were noted as 6.56 ± 0.56 GPa, 385.6 ± 12.00 MPa,
respectively, which indicates it as a stiﬀness micronee-
dle base material [44]. PVA is a well-known polymer,
which can generate hydrogels by physical or chemical
crosslinking and is applied in the ﬁeld of controlled drug
release [45,46]. Sixing Yang et al. [47,48] developed
PVA MNs, which compared to other hydrophilic MNs,
would not dissolve in the skin, but swell and therefore
diﬀusion channels were opened for drug release. The
microneedles were adequately swollen after embedding
into human skin and were strong enough to penetrate
skin. The results showed that the MNs were embedded
reliably into the skin using a force of about 5 N with
one thumb. The easy application method is also helpful
for the self-administration of patients.
Biodegradable polymeric polylactic-co-glycolic acid
(PLGA) MNs and dissolvable MNs, for instance,
sodium alginate MNs are proved to create micro-holes
in the skin layers without breaking, although the for-
mer one have more resistance and mechanical stability
[49,50].
MNs could be combined with other methods such as
electroporation and iontophoresis (ITP) to enhance the
delivery of drugs [51-53]. Electroporation is the transi-
tory structural perturbation of lipid bilayer membranes
due to the application of high voltage pulses. Its ap-
plication to the skin has been shown to increase trans-
dermal drug delivery by several orders of magnitude
[54]. Iontophoresis was often used combined with hy-
drogel MNs, which was reported to broaden the range
of drugs suitable for transdermal delivery, as well as
enabling the rate of delivery to be achieved with pre-
cise electronic control [55]. Martin J. Garland et al.
[51] found that whilst the combination of MN and ITP
did not further enhance the extent of small molecular
weight solute delivery, the extent of peptide/protein re-
lease was signiﬁcantly enhanced when ITP was used in
combination of the soluble PMVE/MA MN arrays.
Micro- and nanoparticles were also applied. Cherng-
Jyh Ke et al. [56] managed co-delivering of two model
drugs trans-dermally, Alexa 488 and Cy5, in sequence,
based on a system of polyvinylpyrrolidone (PVP) MNs
that contain pH responsive poly(D,L-lactic-co-glycolic
acid) hollow microspheres (PLGA HMs). The key com-
ponent of this system was NaHCO3, which could be
easily incorporated into HMs. After HMs are treated
with an acidic solution (simulating the skin pH environ-
ment), a large number of CO2 bubbles were formed to
generate pressure inside the HMs and creates pores in-
side their PLGA shells, releasing the encapsulated Cy5
(as shown in Fig. 2).
Existing problems of hydrogel MNs
Whilst hydrogel MNs are more promising technolo-
gies over non-hydrogel ones, they also have problems to
be solved. Firstly, although the dissolving or degrad-
able MNs comparatively carry more drug amounts, the
matrix, which accounted for a large portion of the nee-
dles, dissolve or degrade in the skin. The process is not
the best choice since the MNs are transdermal adminis-
tration methods. However, since the matrixes dissolve
or degrade in skins, this kind of MNs is not suitable
for drugs which require daily administration. The re-
tention of matrix in the skin will cause low patients
compliance and other potential side eﬀects if the drugs
are applied every day or within short intervals through
MNs. The most suitable active ingredients to be loaded
are vaccines, for they are used only once or just several
times and thus the amount of matrixes deposit in skin
will be much more acceptable.
As mentioned above, scientists developed phase tran-
sition MNs in order to solve this problem. Poly methyl
vinyl ether/ maleic acid (PMVE/MA) and poly (ethy-
lene glycol) 10,000 (PEG) were utilized by Donnelly
et al. [42] to fabricate MN. The diﬀusion of body
ﬂuid caused controlled swelling of the MN arrays to
form an in situ hydrogel conduit (as shown in Fig. 3).
This further resulted in liberation and diﬀusion of drug
molecules from the adhesive patch through the hydro-
gel MN into the skin. The striking feature was that
the hydrogel MN arrays remained intact, even after
removal from the skin, thereby leaving no polymeric
material in the skin following drug delivery. They de-
veloped adhesive patches, containing the molecules at
deﬁned loadings, were then attached to the upper base
plates of hydrogel-forming MN, with the novel compos-
ite system termed as “integrated MN”. However, ac-
cording to the experimental details, for example, the
delivery of insulin from the MN (with 600 μm height,
300 μmwidth at base, 50 μm interspacing, & 19× 19 ar-
rays, i.e., about 0.45 cm2) was investigated in a diabetic
Sprague-Dawley rat model. Positive controls were
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NaHCO3 + HCl → NaCl + H2CO3
H2CO3 → H2O + CO2(g)
Fig. 2 The design of PVP MN microneedles. pH-responsive PLGA HMs and their mechanism for two model drugs Cy5 and
Alexa 488 in sequence transdermal. After the HMs were inserted into skin, the ﬁrst Alexa 488 rapid release and HMs using
Dil-labeled were accomplished because the PVP quickly dissolve. And then the second Cy5 release was stimulated by using the
acidic environment of skin. PLGA HMs:poly(DL-lactic-coglycolic acid) hollow microspheres;PVP MNs:polyvinylpyrrolidone
microneedles [56].
performed by subcutaneously injecting bovine insulin
solution in PBS pH 7.4 at a dose of 0.2 IU per animal.
The integrated MN was at a loading of 5 mg/cm2 in-
sulin, which equaled to about 2.2 mg or more than 60
IU insulin. The dose in the MNs was over 300 times
comparable to that of the positive control. The results
showed that the blood glucose level (BGL) dropped to
about 90% of its original level within 2 h and fell fur-
ther to about 37% by the end of the 12 h experimental
period if the MNs were applied alone; Even the combi-
nation of integrated hydrogel MN and anodal ITP (ap-
plied for a 2 h period, after which the electrodes and
MN/insulin patch were removed) led to a rapid reduc-
tion in BGL, dropping to approximately 47% within 2 h
and 32% within 6 h compared with the positive control.
According to the doses in the MNs, the bioactivity of
this method was quite unsatisfactory. The combination
of MN and anodal ITP led to the increase of MN cost
and inconvenience of drug administration by patients
themselves. The decrease of BGL level in the ﬁrst 2
h period by MN alone was insigniﬁcant, which meant
that it could not release suﬃcient drugs in a short pe-
riod of time.
The phase transition PVA MNs developed by Sixing
Yang et al. [46] was made with the application of the
purple-sand female mold. Purple sand was traditionally
used by Chinese to make teapots [57,58]. Although this
mold had the advantage of being air permeable but wa-
ter resistant [59], and in coordination with a vacuum
on the opposite side, it perfectly met the demand of
hydrophilic microneedle patch preparation. However,
since purple sand was hydrophilic, the concentration of
the polymeric solution might change during the fabri-
cation process when a vacuum was applied. The pur-
ple sand absorbed the water in the polymeric solution
and it was hard to control the concentration, as well
as the drug loading amount. The MN was 0.8 mm in
length and 0.3 mm in base, while the length inserted
into skin was 0.4 mm. It can be calculated that the
volume inserted into skin was only 12.5% of the total
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Fig. 3 The design of hydrogel-forming MNs [60].
needle tip. This should be improved in order to achieve
better release rate and amount of drugs.
Ryan F. Donnelly and Juntanon et al. [60-63] re-
alized that MNs had the possibility to carry microor-
ganisms into the skin and did related tests which indi-
cated that microorganisms could penetrate skin beyond
the stratum corneum following microneedle puncture.
The numbers of microorganisms crossing the stratum
corneum following microneedle puncture were greater
than 105 cfu in each case while no microorganisms
crossed the epidermal skin. When using a 21G hypoder-
mic needle, more than 104 microorganisms penetrated
into the viable tissue and 106 cfu of Candida albicans
and Staphylococcus epidermis completely crossed the
epidermal skin in 24 h. However, the MN applied in
the test was shorter than 280 μm. In a variety of cases,
the needle tips were longer than 500 μm, so the exper-
iment did not cover this part. The anti-microorganism
eﬀect should be investigated further.
Overall, the hydrogel microneedles are more promis-
ing compared with their solid or hollow counterparts.
There are also some weaknesses related to the dissolving
or biodegradable mechanisms. The most prospective
MN type is the hydrogel MN which does not dissolve
or degrade in skin but with a controlled or sustained
release of drugs. The application of other methods, in-
cluding ITP or electroporation, may enhance the drug
release rate, but they also increase the costs of MNs
while lower the patients’ compliance.
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